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256Current state in tracking and robotic navigation
systems for application in endovascular aortic
aneurysm repair
Quirina M. B. de Ruiter, MSc, Frans L. Moll, MD, PhD, and Joost A. van Herwaarden, MD, PhD, Utrecht,
The Netherlands
Objective: This study reviewed the current developments in manual tracking and robotic navigation technologies for
application in endovascular aortic aneurysm repair (EVAR).
Methods: EMBASE and MEDLINE databases were searched for studies reporting manual tracking or robotic navigation
systems that are able to manipulate endovascular surgical tools during abdominal or thoracic aortic aneurysm repair.
Reports were grouped by the navigation systems and categorized into phantom, animal, and clinical studies. First, the
general characteristics of each system were compared. Second, target registration error and deployment error were used to
compare the accuracy of the tracking systems. Third, all systems were reviewed for ﬂuoroscopy time (FT), radiation dose,
and contrast volumes, if reported, in rigid and nonrigid studies. Fourth, vascular cannulation performance of the systems
was compared, studying cannulation time, Imperial College Complex Cannulation Scoring Tool score, and the number of
wall hits and catheter movements within rigid studies.
Results: Of 721 articles and references found, 18 studies of four different navigation systems were included: the Aurora
(Northern Digital, Waterloo, Ontario, Canada) tracking system, the StealthStation (Medtronic Inc, Minneapolis, Minn)
tracking system, an ultrasound localization tracking system, and the Sensei (Hansen Medical, Mountain View, Calif)
steerable remote-controlled robotic navigation system. The mean tracking accuracy averaged 1 mm for the three manual
tracking systems measured in a rigid environment. An increase of target registration error reaching >3 mm was reported
when measured in a nonrigid experimental environment or due to external distortion factors. Except within small-animal
studies or case studies, no evidence was found on reduction of clinical outcome parameters, such as FT, radiation dose,
and contrast volumes, within clinical EVAR. A comparison of vascular cannulation performance in rigid studies revealed
that the Sensei robotic system might have an advantage during advanced cannulation compared with standard cannu-
lation within complex cannulations tasks.
Conclusions: This review summarizes the current studies on manual tracking and robotic navigation systems for application
in EVAR. The main focus of these systems is improving aortic vessel cannulation, required in complex EVAR, in which the
robotic system with the improved steerability is favored over manual tracking systems or conventional cannulation. All
reviewed tracking systems still require X-ray for anatomic imaging, stent graft deployment, and device registration.
Although the current reviewed endovascular navigation systems have shown their potential in phantom and animal studies,
clinical trials are too limited to conclude that these systems can improve EVAR outcomes or that they can systematically
reduce FTs, radiation doses, and contrast volumes during (complex) EVAR. (J Vasc Surg 2015;61:256-64.)Endovascular aortic aneurysm repair (EVAR) is the
ﬁrst-line treatment for abdominal aortic aneurysms because
morbidity and mortality are consistently lower compared
with open surgery.1,2 Besides tube and bifurcated EVAR
for infrarenal aneurysms, juxtarenal and suprarenal abdom-
inal aortic aneurysms can be treated with complex fenes-
trated or branched stent grafts.3,4 However, these
complex EVARs require that each overstented branch ar-
tery is cannulated and stented through or beside the
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dure time, ﬂuoroscopy time (FT), radiation dose, and vol-
ume of radiographic contrast.5
Catheters, wires, and sheaths are used for cannulation of
the aortic arteries; however, these endovascular devices are
only available in standardized sizes with mostly preshaped
tips, and each device has a restricted ability to be tracked
and steered.6-8 In addition, the visualization of these endo-
vascular devices is restricted to two-dimensional (2D) X-ray
projections only. Current developments in ﬁxed X-ray plat-
forms enable advanced intraoperative imaging options as
image fusion and intraoperative three-dimensional (3D)
rotational imaging, but these imaging applications are
exclusive for visualization of the neighbouring anatomic
structures.9
To enable 3D visualization and improve manipulation of
the endovascular devices, additional focus has been on the
development of endovascular navigation systems (ENS),
also referred to as image-guided surgery systems. An ENS
provides 3D visualization of endovascular devices, such as
wires or catheters, without the use of additional X-ray
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Fig. Flowchart of the systematic review. One article, on the Aurora tracking system (Northern Digital, Waterloo,
Ontario, Canada), described a phantom study as well as an animal study.
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Volume 61, Number 1 de Ruiter et al 257imaging. There can be two types of ENS systems: First, there
are the navigation tracking systems for endovascular devices
that provide real-time information about device orientation
and location during manipulation.10 Second, there are the
robotic, steerable, endovascular catheter systems that use
an instinctive motion controller to provide remote-
controlled catheter tip reﬂection and advancement.11
A number of ENSs are currently under development,
but the potentials and limitations of each of these different
systems for EVAR are still unclear. This report reviews the
current state of scientiﬁc proof for using robotic or tracking
navigation systems for application in EVAR. We report the
accuracy of the tracking systems, analyze clinical evidence
on operating parameters, and explore the vessel cannula-
tion performance of each system.
METHODS
Data search. On November 20, 2013, a MEDLINE
and EMBASE database search was performed using the
following research subjects: “imaging, three-dimensional”
or “surgery, computer-assisted” or “robotics” or “ultraso-
nography, interventional” or “magnetic resonance imaging,
interventional,” and “endovascular procedures” or “vascular
surgical procedures” and “aortic aneurysm, thoracic” or
“aortic aneurysm, abdominal.” This search generated 412
results in EMBASE and 309 results inMEDLINE. After du-
plicates were removed, 691 articles remained (Fig).Data collection. Titles and abstracts of the 691 articles
were examined by two independent authors to select articles
describing a manual endovascular tracking system or robotic
endovascular navigation system used for EVAR in the
abdominal aorta, thoracic aorta, or thoracic aortic arch. The
full texts were reviewed, and articles were excluded if they re-
ported (1) imaging techniques covering additional 2D or 3D
anatomic imaging only, such as intravascular ultrasound imag-
ing or hybrid X-ray with magnetic resonance; (2) 2D or 3D
image registration techniques without device tracking, limited
to virtual navigation only12-15; or (3) covered previous ver-
sions of a navigation system and were outdated.16-18
Eighteen articles remained, with a focus on EVAR
based on four robotic or tracking systems when using the
previous predeﬁned inclusion and exclusion criteria and
cross-referencing.
Data extraction. The studies were grouped by ENS for
general comparison and system description and were also
categorized into rigid (phantom studies) and nonrigid (an-
imal and clinical) studies. Article characteristics extracted
from each selected study were type of study, type of tracking
system, type of imaging, type and thickness of the endovas-
cular device, type of stent graft, and aortic region.
The accuracy of the manual tracking systems was
compared using target registration error (TRE) and deploy-
ment error (DE). TRE measures the difference between the
location of the tracked device calculated by the navigation
Table I. Overview of studies included in the review
Author
Tracking/
robotic
system
Catheter, wires,
stent graft
Phantom model
(animals, patients),
No. Region Stent graft
Phantom (rigid) studies
Cochennec,23 2013 StealthStation
TREONþa
Wire Arch LSA, LCCA, RCCA 4-vessel
fenestrated
Sidhu,24 2012 StealthStation
TREONþ
Wire Arch type I LSA e
Riga,25 2012 Senseib 14F (Artisan)b
catheter
Thoracoabdominal LRA, RRA 4-vessel
fenestrated
de Lambert,21 2012 Aurorac 7F catheters Abdominal aortic þ
rigid plastic AAA
LRA e
Riga,26 2011 Sensei 14F (Artisan) catheter Arch type I LSA, LCCA, RSA, RCCA e
Riga,27 2011 Sensei 14F (Artisan) catheter Arch type I and III LSA, LCCA, RSA, RCCA e
Mung,28 2011 ULS 9F catheter Water tank/porcine
tissue
e Nitinol-
Dacrond
Manstad-Hulaas,29 2011 Aurora Wire and catheter Rectangular
box-shaped
CA, SMA, LRA, RRA e
Riga,20 2010 Sensei 14F (Artisan) catheter Thoracoabdominal CA, SMA, LRA, RRA 4-vessel
fenestrated
Bond,17 2009 ULS 9F catheter Water tank/porcine
tissue
e Commercially
Manstad-Hulaas,22 2007 Aurora Wire/catheter Infrarenal Side branch stent in LRA custom-made
Animal (nonrigid) studies
Mung,10 2013 ULS 9F catheter 2 Yorkshire pigs Abdominal aorta Aortic
Manstad-Hulaas,29 2011 Aurora Wire/catheter 6 swine CA, SMA, LRA, RRA e
Bismuth,30 2011 Sensei 14F (Artisan) catheter 3 pigs RRA, LRA, SMA e
Abi-Jaoudeh,19 2010 Aurora Guidewires/stent
grafts
3 swine Thoracic aorta Thoracic
aortic
Riga,31 2009 Sensei 14F (Artisan) catheter Case report LRA, RRA Bare metal
Clinical studies
Riga,32 2013 Sensei
Magellan
North Star catheter Case report LRA, RRA Advanta V12
coveredb
Manstad-Hulaas,33 2012 Aurora 7F double-lumen
balloon catheters
7 patients Placement of a guidewire
in a stent graft #15 min
e
Carrel,34 2012 Sensei 14F (Artisan) catheter Case report Kinked renal bridging stents Self-expandable
Riga,11 2009 Sensei 14F (Artisan) catheter Case report Contralateral limb of
infrarenal stent graft
Endurantd
AAA, Abdominal aortic aneurysm; CA, celiac artery; LCCA, left common carotid artery; LRA, left renal artery; LSA, left subclavian artery; RCCA, right
common carotid artery; RRA, right renal artery; RSA, right subclavian artery; SMA, superior mesenteric artery; ULS, ultrasound location system.
aMedtronic, Minneapolis, Minn.
bHansen Medical, Mountain View, Calif.
cNorthern Digital, Waterloo, Ontario, Canada.
dDuPont, Wilmington, Del.
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rigid environment representing the basic systems at baseline
and in a dynamic environment representing a more clinically
relevant error. DE is the distance between the planned loca-
tion and the actual location of the stent graft.19
If reported, data were extracted for the cannulation
time (time to cannulate a single or a group of aortic
arteries), procedure time (time of the overall procedure,
inclusive set up times), FT (actual minutes of ﬂuoroscopy
used during cannulation), radiation dose (actual radiation
dose used during cannulation), and contrast volume.
In addition, an overviewwas provided on all rigid studies
that reported the navigational aspects of the endovascular
tracking system on vascular cannulation performance. This
included the number and experience of the operators (no
experience,<50 EVAR procedures, or>50 procedures per-
formed), complexity of the task (easy, mild, or severeanatomy), the Imperial College Complex Cannulation
Scoring Tool (IC3ST) score, and number of wall hits and
number of movements during a cannulation task.
The IC3ST is a procedure-speciﬁc rating scale that
grades operators on catheter use, manipulation skills,
instrumentation, embolization/dissection risk, successful
vessel cannulation, and overall time, motion, and ﬂow of
the procedure. For each domain, a minimum score of 1
and maximum score of 5 for excellent performance can
be attained, resulting in a total score of 35.20 Because oper-
ator experience inﬂuences outcomes, three studies with
fewer than ﬁve operators were excluded.12,21,22
RESULTS
Included were 18 articles dealing with one endovascu-
lar robotic system, two electromagnetic (EM) ENSs, and
one ultrasound-based localization system (ULS; Table I).
Table II. Overview of the accuracy of the three manual navigation systems in rigid and nonrigid endovascular repair
studies presented in the included studies
Tracking system TRE rigid, mm TRE nonrigid, mm DE, mm
StealthStationa <2.8 e e
<1 mm 0.56 (0.91)
ULS 1.94 6 0.06 (water) Catheter: 3.29 6 1.24, 98% <6 mm 6.43
2.54 6 0.31 (pork tissue)
3.33 6 0.06 (stent graft)
Aurorab 1.28 6 0.53, 90% #1.90 Wire: 4.3 6 0.97 2.6 6 3.0
1.3 (1.08-1.65) Stent graft/catheter: 2.6 6 0.7
Catheter: 4.18 6 1.76, 90% #5.7324
DE, Deployment error; TRE, target registration error; ULS, ultrasound localization system.
aMedtronic, Minneapolis, Minn.
bNorthern Digital, Waterloo, Ontario, Canada.
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included: two articles reported the StealthStation TREON
Plus (Medtronic Inc, Minneapolis, Minn)23,24 tracking sys-
tem, and ﬁve articles reported the Aurora (Northern Digital,
Waterloo, Ontario, Canada) tracking system.19,21,22,29,33 An
EM ENS consists of (1) a magnetic-ﬁeld generator that
generates an ultra-low EM ﬁeld andmust be located near the
surgical ﬁeld, (2) EM position coils integrated at the tip of
the manual endovascular device that induce a characteristic
in the coil determined by the speciﬁc location and distance of
the coil in the EM ﬁeld, (3) a control box that converts the
voltage in the EM coil into digital data for the exact 3D
position of the coil, and (4) navigation software for image
guidance. These four components provide the 3D position
and orientation of the EM coils (and thus the endovascular
devices) and visualize the location of the coil in a preopera-
tive computed tomography (CT) scan.
The reports of the StealthStation ENS are limited to a
nonclinical wire, for which limited studies have been done
in a rigid model.23,24 In contrast, the Aurora ENS, with
wires, catheters, and stent grafts with integrated EM coils,
has been studied in rigid and mobile environments. For
example, two articles on the Aurora ENS describe a wire
manufactured with a 5 degree-of-freedom EM coil near
the tip of the device.19,29 Two more describe a stent graft
deployment device with integrated EM coils.19,22 Finally,
three articles describe a catheter with integrated EM coils:
the ﬁrst uses a single-lumen catheter, without space for a
wire,21 and the second uses a catheter that includes two lu-
mens.29 Because the EM coils require a single lumen, two
lumens are required when the EM coil is integrated in a
catheter, and one lumen is left for integrating the wire.
The two-lumen catheter was also tested in a clinical study
in which the sensor was positioned at the tip, and by heat-
ing the catheter, the tip could be bent into different
angles.33
ULS tracking system. Two studies report a ULS,10,28
which consists of an (1) endovascular device with a 3.5-MHz
piezoelectric ultrasound transmitter integrated in the tip of a
catheter to signal its location with ultrasound waves, (2) an
external array of sensors attached on the body surface that
receives signal locations through the use of ultrasound gel,and (3) navigation software to visualize the 3D device co-
ordinates and enable registration with preoperative 3D CT.
The ULS can report 25 times per second and requires a
minimum of three sensors to perform triangulation.10
Currently, only one 9F ULS catheter is described for
nonclinical use.10 Although ultrasound waves are also
frequently used for imaging, the ULS is only able to visu-
alize the location of the catheter. When the ULS is used
during the endovascular procedure, integrating this system
with intraoperative X-ray images is essential because preop-
erative CT registration imaging cannot visualize real-time
anatomic deformation or damage to anatomic structures.
Robotic navigation system. Use of the Sensei Robotic
Catheter System (Hansen Medical, Mountain View, Calif)
in the abdominal or thoracic aortic tree20,25-27,30-32,34, is
the subject of nine articles: four phantom studies,20,25-27
two animal studies,30,31 and three case reports.31,32,34
The main components of the robotic system are the
instinctive motion controller with the steerable catheter
and a 3D hand-operated joystick for 7 degree-of-freedom
control. This system enables the operator to remain
seated away from the X-ray source during 2D X-ray im-
aging; however, an in-room assistant is still required for
changing the C-arm position or angle and during wire
exchange. The operator’s screen shows visualizations of a
2D X-ray view, a 3D shape view of the catheter shape and
tip, and a force-sensing view.
Two robotic catheters have been described for the
abdominal vascular tree that can be integrated with the
Sensei control station: a 14F sheath (outer diameter)
with an 8.5F (outer diameter) Artisan catheter (Hansen
Medical)20,25-31 and a 9.5F sheath with a 6F leader North-
star catheter.32 This second catheter has an independent
torque control and can retract conventional hydrophilic
wires with a robotic wire manipulator.32
Tracking accuracy. Reports on tracking accuracy are
limited to the three manual tracking systems. Five studies
report a TRE in a rigid environment,21,23,24,28,29 and
three studies report a TRE in a nonrigid environment10,19,29
(Table II). For the ULS, a TRE of 3.33 6 0.06 mm
was found when the catheter was navigated through a stent
graft placed in pork tissue vs 1.94 6 0.06 mm when
Table III. Overview of cannulation studies in rigid environment with ENS systems for endovascular aortic procedures
Author, year
Navigation
system
Task
complexity
(1 ¼ mild,
3 ¼ severe)
Cannulation
task
Operators,
No.
Experience
level (No.
of procedures)
Tasks
repeated
(yes/no)
Conventional navigation
IC3ST/35 Wall hits Movements
Procedural
time, minutes
Cochennec,23
2013
StealthStationa 2 LSA, LCCA
RCCA
9 100-300 No 25 (24-27) 14 (11-16) e 87 s (64-128)
StealthStation vs
conventional
25 (24-27) 14 (11-16) e 87 s (64-128)
Sidhu,24 2012 StealthStation 2 LSA 16 0 to >50 No 38/40 (33-40) 0.5 (0-2) e 21 s (11-32)
6 #5 36/40 (19-38) e 30 s (20-38)
5 6-50 39/40 (31-40) e 19 s (11- 30)
5 >50 39/40 (38-40) e 12 s (8- 23)
Riga,29 2012 Senseib 1 LRA, RRA 10 >200 No 24/40 (19-28) e 184 (110-351) 7.6 (4.6-9.3)
2 27 (22-30) e 251 (207-395) 6.9 (4.2-11.4)
3 21 (15-22) e 569 (409-616) 17.7 (13.3-22.6)
Riga,31 2011 Sensei 1 LSA, LCCA,
RSA
RCCA
10 No
experience
Yes, 15
times
20 (14-22) 47 (32-107) 205 (165-282) 64 (4.6-10.1)
5 weeks
training
26 (19-27) 29 (28-75) 74 (59-89) 4.2 (3.1-6.1)
Riga,32 2011 Sensei 1 Total 15/17 Varying level No 26 (20-30.8) e
LSA e 2 (1.5-13) 18 (14-31) .76 (.34-.88)
RSA e e 22 (15-48) e
RCCA e 4.5 (3.5-11.3) 48 (21-81) 1.70 (1.20-3.35)
LCCA e e 61 (51-165) 2.70 (1.92-3.98)
3 Total 20.5
(16.5-28.5)
e e e
LSA e 13.8 (9.5-19) 24 (17-38) e
RSA e e 69 (48-81) e
CA, Celiac artery; IC3ST, Imperial College Complex Cannulation Scoring Tool; LCCA, left common carotid artery; LRA, left renal artery; LSA, left sub-
clavian artery; RCCA, right common carotid artery; RRA, right renal artery; RSA, right subclavian artery; SMA, superior mesenteric artery.
aMedtronic, Minneapolis, Minn.
bHansen Medical, Mountain View, Calif.
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bition of ultrasound waves by metal in the stent graft.28 A
TRE of 3.296 1.24 mm was reported in the nonrigid ULS
study. These measurements were taken when the animal
was immobilized in a patient immobilizer to obtain
reproducible swine positioning between the CT scan and
surgery.
For the Aurora system, the TRE in the rigid study aver-
aged 1.3 mm.21,29 The most recent nonrigid study of the
Aurora system reported a TRE of 4.18 mm, which
increased to 5.73 mm in 10% of the cases. The accuracy
of the Aurora system is inﬂuenced by the size of the EM
ﬁeld because accuracy decreases with increased distance be-
tween the sensor and the generator. The magnetic ﬁeld can
also be distorted by nearby metallic objects, which can also
decrease the accuracy.
The DE was largest in the ULS study compared with
the Aurora studies, although both studies used only three
to four animals (Table II).
FT and radiation dose. Four studies reported the FT
or radiation dose.22-24,33 The ﬁrst two studies focused on
the StealthStation, in a rigid environment, while the
operator performed cannulation tasks with conventional
catheters and with the StealthStation tracking cathe-
ters.23,24 When the 3D tracking system was added, besides
the conventional X-ray visualization, the FT was signiﬁ-
cantly reduced from 87 to 27 seconds in the most recent
study.23 Instead of FT, only actual radiation doses were
reported in the animal and clinical studies with the Aurora
tracking system.22,33In the animal study, the total X-ray dose of 3.60
mGym2 decreased to 1.60 mGym2 when the Aurora
tracking catheters were combined with X-ray imaging. In
the clinical study, however, the total dose signiﬁcantly
increased from 16.95 mGym2 with conventional catheters
and X-ray imaging only to 27.37 mGym2 (P ¼ .043)
when the Aurora tracking catheters were used combined
with X-ray imaging.33
Contrast volume. Contrast volume use is described in
one article that compares contrast volume between a con-
trol group of 10 people and an intervention group of seven
people in which the Aurora catheter was used. In this
study, a simple cannulation task was the topic of interest:
inserting a catheter inside the main aortic stent graft within
a set maximum time. Before the start, a stent graft was
positioned and deployed with conventional endovascular
devices. Data for three individuals, one in the intervention
group and two in the control group, were excluded
because the operators were unable to reach the target
within 15 minutes.33 There was no difference between
the volume of contrast used in the control group (243 6
69 mL) and in the intervention group (232 6 66 mL;
P ¼ .95).33
Vessel cannulation performances. Six of the 12
phantom studies reported navigational phantom experi-
ments with more than ﬁve operators, all repeatedly per-
forming an aortic catheterization with a conventional
catheter and with tracking.20,23-27 Two of these studies
grouped the operators by level of endovascular experi-
ence.20,24 However, the level of experience recorded in the
Navigation with navigation system P-value
IC3ST/35 Wall hits Movements
Procedural
time, min IC3ST
Wall
hits Movements
Procedural
time
19 (19-24) 22 (16-38) e 232 s (185-362) <.05 e e >.05
31 (30- 31) 8.5 (16-38) e 76 s (68-101 >.05 e e
39/40 0.5 (0-1) e 17 s (9-53) .40 >.05 e .53
39/40 e 25 s (16-68) .92 e .53
39/40 (23-39) e 38 s (9-98) .06 e .17
40/40 e 10 s (7-17) .56 e .06
30/40 (29- 31) 19 (14-27) 1.4 (1.1-1.9) .03 e .001 e
31 (30- 33) 46 (43-58) 3 (2.3-3.3) .01 e .005 e
33 (30- 35) 45 (40-66) 2.8 (1.5-3.9) .007 .005 .005
29 (25- 31) 5 (4-7) 124 (81-137) 12.4 (10.1-13.1) e e e e
30 (29- 32) 7 (5-10) 33 (28-44) 5.3 (4.3-9.2) e e e e
33 (31- 34) .001 e e e
e 0 (0-01) 7 (6-10) .25 (.18-.31) e .001 .001 .002
e e 11 (8-15) e e e .005 e
e 2 (1.5-3.5) 9 (6-10) .69 (.44-.99) e .001 .001 .001
e e 9 (7-25) 0.80 (0.30-1.57) e e .001 .001
26.5 (23.5- 28.8) e e e .001 e e e
e 0.5 (0.3-1.5) 7 (6-11) e e .001 .001 e
e 31 (16-42) e e e .003 e
Table III. Continued.
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ator was not congruent for each group among the studies.
The results are summarized in Table III.
Cannulation time. A signiﬁcant reduction in cannula-
tion time for robotic cannulation with the Sensei system vs
conventional canalization, independent of operator experi-
ence or complexity of the cannulation, was reported for all
aortic cannulation tasks.20,25-27 The largest decrease of
cannulation time was found for the case with the most
severe iliac tortuosity, where the time decreased from
17.7 minutes for conventional navigation to 2.8 minutes
for the robotic case (P ¼ .005).15 During a second study
with canalization of four visceral vessels, total cannulation
time was reduced from 17.24 to 2.87 minutes with the
robotic system (P ¼ .001), regardless of the level of
experience.20 In a third study, the largest reduction, from
6.2 to 1.8 minutes (P ¼ .001), was found for the cannu-
lation of the right common carotid.27
IC3ST score. Six articles reported an IC3ST
score.20,23-27 Four of these reported the Sensei sys-
tem20,25-27 and two reported the StealthStation.23,24 Of
these, with the exception of the most experienced group in
the ﬁrst phantom study (where the experience level >300
procedures), only those reporting the Sensei system indi-
cated signiﬁcant improvement in the IC3ST score.
Number of movements. The four Sensei articles stud-
ied the number of individual catheter movements required
to insert a catheter into the aortic side branch and showed
that the number of movements was reduced with the Sen-
sei. The largest reductions were found for severe iliactortuosity.25 Here, cannulation with conventional guid-
ance showed an average of 569 movements compared with
45 movements when the task was performed with the ro-
botic system. An overview of the four types of ENSs, as
well as the differences and evidence for each tracking sys-
tem, is presented in Table III. Table IV provides an over-
view of the advantages and limitations of each system.
DISCUSSION
Reviewing the literature of ENSs that are currently un-
der development for application in EVAR has resulted in an
analysis of four different systems. Two of these systems,
Aurora and StealthStation, use EM principles. Reports on
the StealthStation are limited to rigid navigation studies,
and the tracking is limited to a single wire. Studies on
the Aurora system extend to the entire range of rigid and
nonrigid studies as well as to the entire range of endovascu-
lar devices such as wires, catheters, and stent grafts. Unfor-
tunately, the Aurora clinical study did not show an
advantage of catheter use in procedure time or a decrease
of radiation doses.29 A comparison of both EM tracking
systems with recently developed ULS shows the ULS has
the potential to be integrated in all types of devices and
is able to track with high accuracy. However, clinical re-
ports on the application of this ULS in EVAR were
missing.
Comparisons of the previous three navigation tracking
systems with the robotic Sensei robotic system are compli-
cated because these systems originated on diverse charac-
teristics; however, some reports on the tracking systems
Table IV. Comparison of robotic navigation system vs manual tracking system and amount of proof of using each system
for cannulation tasks in the aorta
Manual tracking system Robotic navigation system
Goal Improved visualization No X-ray for operator
Minimize X-ray doses Improved stability and maneuverability
Limitations X-ray imaging still required X-ray imaging still required
Registration of 3D CT with X-ray and tracked sensors/transducers No haptic feedback
Higher costs
No stent placement
Manual exchange of the guidewire
System Auroraa StealthStationb ULS Senseic
Phantom
Accuracy þ/ 0 þ þ 0
Navigation 0 Minimal improvement 0 þ þSystematic improved
Animaldaccuracy þ/ 0 þ þ þ Less endothelial wall damage
Clinical 0 0  /þ Only case studies
Equipment Wire, catheters, stent graft Wires Catheters, stent graft Steerable catheter
Distortion Metal stent Metal equipment Metal equipment 
0, No evidence; 3D, three-dimensional; CT, computed tomography; ULS, ultrasound localization system.
aNorthern Digital, Waterloo, Ontario, Canada.
bMedtronic, Minneapolis, Minn.
cHansen Medical, Mountain View, Calif.
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cannulation time, IC3ST scores, and number of wall hitsd
to quantify the cannulation properties of their devices. All
systems focus on enhancing similar steps within the
EVAR procedure, such as cannulation of one or more
aortic arteries, with the aim to minimize vessel wall damage
and reduce overall cannulation times and radiation doses.
Meanwhile, tracking systems use a different approach to
accomplish these goals, such as the robotic system. The
tracking systems use similar endovascular devices that are
now in commercial use and equip these with sensors or
transducers. Here, the main goal is to reduce cannulation
time and X-ray imaging by improving the visibility of the
device in 3D. On the other hand, a robotic system pro-
poses to reach similar end points by replacing the manual
control of the catheter and improving steerability.
Complex EVAR cases, such as fenestrated or branched
EVARs, that require a number of intraprocedural cannula-
tion tasks may beneﬁt most from a tracking or robotic nav-
igation system. The supplemented value of all these systems
for routine use in noncomplex EVAR with fewer cannulation
tasks is disputable. However, if setup times can be reduced
and additional costs of the disposable traceable wires and
catheters do not largely exceed current prices, then introduc-
tion in noncomplex EVAR can be attractive. In addition, the
ability of the Sensei robotic system to stabilize and steer the
Artisan catheter has an advantage in difﬁcult anatomies or in
reinterventions. If conventional catheters are failing, robotic
cannulation may be an alternative; for example, when
maneuverability and stability of wire, catheters, and sheaths
are required but cannot be achieved by using the traditional
manual endovascular catheters or wires.34,35
EVAR cannot be performed with robotic and tracking
navigation systems without the use of X-ray imaging, whichis required for device registration, 3D image fusion, angio-
graphic subtraction images to detect anatomical deforma-
tion, and for investigating endoleak after stent graft
deployment. Thus, the potential of each navigation system
depends on the ability to integrate with these ﬁxed X-ray
platforms. Current research on 3D image fusion in com-
plex procedures has already been shown to decrease radio-
graphic contrast volumes.9,36 Further studies must be
performed to determine if using a tracking or robotic sys-
tem will effectively reduce radiation doses within EVAR.
Because similar parameters were used to evaluate the
cannulation capacities of the systems, large differences
were found in the reporting of these outcomes:
1. Within the rigidcannulation studies reportingonIC3ST
scores, a discrepancy was found in using these scores.
Although the standard scores have a maximum of
35 points, one article reported scores with a maximum
of 40.24 In addition, the IC3ST was developed for eval-
uating the operator’s navigational skills but was not vali-
dated for evaluating properties of individual wires and
catheters independently.
2. Distinctive types of reporting were noted for cannu-
lation times. Some studies reported cannulation
times for each individual cannulation, whereas other
studies only reported the total time for cannulating
all four vessels. This complicates the comparison of
results among studies and systems.
3. Several articles mention only signiﬁcant outcomes,
while leaving out nonsigniﬁcant results, resulting in
gaps outcomes summaries (Table IV), thus biasing
the results.
4. Within cannulation times, the setup times of the
equipment and the additional X-ray dose required
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However, very limited data were found on the
comprehensive procedure time and actual X-ray doses
within these studies. Thus, the main focus for all sys-
tems is on cannulation tasks, whereas stent graft
deployment and stent graft sealing are more important
for the clinical focus. However, only two studies re-
ported the DE for stent graft sealing and endoleak,
which are clinically more relevant for patient outcome.
Although within the reviewed articles exact costs of
these systems are not mentioned, and vary per region,
the perceived effect of the costs of the endovascular pro-
cedures using any of these navigation systems may in-
crease. Purchasing and maintenance costs of the base
system must be included, and the price must also include
the added costs of the new disposable catheters and wires
over the costs of standard nontraceable devices. On one
hand, the risk of having a limited range of catheters and
wires available for each speciﬁc system, which cannot be
interchanged between systems, may inﬂuence the total
costs. On the other hand, if visualization and steerability
of the devices are improved, this may decrease the total
number of devices per procedure and thus costs per pro-
cedure. Overall, the purchasing costs of the robotic sys-
tems will be higher than the start-up costs of a tracking
ENS.
Successful adaption of a tracking system into the clin-
ical workﬂow for complex EVAR also depends on factors
such as (1) the availability of a wide range of different types
of catheters, wires, and stent grafts with these integrated
sensors; (2) the ability to track wires, catheters, and stent
grafts simultaneously in one image view without one
affecting the other; (3) user-friendly and short setup times
of additional registration software; (4) ability to quickly ex-
change catheters and wires during the procedure; and
ﬁnally, (5) the initial costs of the equipment and the costs
of each disposable endovascular device with integrated
sensors.
CONCLUSIONS
This review summarizes the current studies on manual
tracking and robotic navigation systems for application in
EVAR. All reviewed systems still require X-ray for anatomic
imaging, stent graft deployment, and device registration for
tracking systems. The robotic system has been shown to
improve vessel cannulation performances over conventional
devices within the rigid standardized case setup, but these
results are not directly transferable to clinical outcomes
for EVAR. For now, the robotic system has the main
advantage in extremely complex cannulation tasks, which
are not or nearly not applicable with the standard or manu-
ally tracked endovascular devices. The manual tracking sys-
tems have not yet been shown to improve intraoperative
parameters or EVAR outcomes within a clinical environ-
ment. However, their potential relies within the complex
EVARs with an additional number of cannulation tasks.
Further research, on improvement of all reviewed systemsfor clinical application and clinical trials using these systems
in accordance with stent graft navigation and deployment is
required.
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